Abrupt climate change is abundant in geological records, but climate models rarely have been able to simulate such events in response to realistic forcing. Here we report on a spontaneous abrupt cooling event, lasting for more than a century, with a temperature anomaly similar to that of the Little Ice Age. The event was simulated in the preindustrial control run of a highresolution climate model, without imposing external perturbations. Initial cooling started with a period of enhanced atmospheric blocking over the eastern subpolar gyre. In response, a southward progression of the sea-ice margin occurred, and the sea-level pressure anomaly was locked to the sea-ice margin through thermal forcing. The cold-core high steered more cold air to the area, reinforcing the sea-ice concentration anomaly east of Greenland. The sea-ice surplus was carried southward by ocean currents around the tip of Greenland. South of 70°N, sea ice already started melting and the associated freshwater anomaly was carried to the Labrador Sea, shutting off deep convection. There, surface waters were exposed longer to atmospheric cooling and sea surface temperature dropped, causing an even larger thermally forced high above the Labrador Sea. In consequence, east of Greenland, anomalous winds changed from north to south, terminating the event with similar abruptness to its onset. Our results imply that only climate models that possess sufficient resolution to correctly represent atmospheric blocking, in combination with a sensitive sea-ice model, are able to simulate this kind of abrupt climate change.
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climate modeling | thermohaline circulation | Great Salinity Anomaly A common definition of abrupt climate change is that the climate is undergoing a transition at a faster rate than changes in the external forcing. Dansgaard-Oeschger (DO) events are the iconic examples of such abrupt climate change, featuring the last glacial period as recorded in Greenland ice cores (1) . DO events have been linked to large variations of the Atlantic meridional overturning circulation (AMOC), forced by freshwater input into the North Atlantic (2) . This theory has been corroborated by results from coarse-resolution climate models with simplified atmospheric dynamics (3, 4) . However, more sophisticated climate models show a temperature response that is still weak compared with DO events (5) , even in the case of unrealistically large freshwater forcing. Recently, it has been argued that sea ice might play a key role in the onset of DO events (6, 7) . A displacement of the ice edge rapidly changes the amount of absorbed shortwave radiation due to the ice-albedo feedback, but also it reduces heat release from the ocean to the atmosphere. Both processes cool the atmosphere and the ocean surface. Series of interactions between ocean and cryosphere may build and erode a freshwater halocline in the Nordic seas, promoting large changes in sea ice that can be associated with changes between cold stadials and warm interstadials (8) . In this scenario, the AMOC continues to transport heat northward, but the warm, salty layer is inaccessible to the atmosphere when the surface halocline is present. As a result, subsurface warming takes place below the surface halocline, which eventually destabilizes the water column and erodes the surface halocline.
The link between multiple sea-ice states and AMOC was also investigated within an idealized coupled climate model (9) . The sea-ice switch featured abrupt transitions between a weak and strong AMOC, essentially showing that these two mechanisms cannot be considered in isolation. In realistic climate models, the response to a collapse of the AMOC is determined by a fast atmospheric feedback, consisting of reduced greenhouse forcing by a drier and colder atmosphere, mediated through increased sea-ice cover that causes a reduction in evaporation (10) . The change in sea ice, in turn, invokes a southward displacement of the Intertropical Convergence Zone, associated with a changed Hadley circulation (11), a scenario that underscores the relation between sea-ice, AMOC, and atmospheric feedbacks. Indeed, although the temperature response in classical hosing experiments is often weaker than the observed changes in DO events (12, 13) , in some of the more recent freshwater hosing experiments the response was larger (14) , possibly determined by the sensitivity of the sea ice in those models (15) . However, the chain of feedbacks between AMOC and sea ice is still unclear, in particular the mediating role of atmospheric feedbacks. In many studies that addressed this relationship, atmospheric feedbacks were either absent, or crudely represented. It was implied that a larger response or sensitivity might be acquired with more complete atmospheric dynamics (16) . A climate model with sufficient atmospheric feedbacks and a sensitive sea-ice component
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There is a long-standing debate about whether climate models are able to simulate large, abrupt events that characterized past climates. Here, we document a large, spontaneously occurring cold event in a preindustrial control run of a new climate model. The event is comparable to the Little Ice Age both in amplitude and duration; it is abrupt in its onset and termination, and it is characterized by a long period in which the atmospheric circulation over the North Atlantic is locked into a state with enhanced blocking. To simulate this type of abrupt climate change, climate models should possess sufficient resolution to correctly represent atmospheric blocking and a sufficiently sensitive sea-ice model. This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: S.S.Drijfhout@soton.ac.uk. might feature a much stronger coupled atmosphere-sea-ice-AMOC feedback.
Until now, two examples of spontaneous abrupt climate change have been reported. They occurred in models that were much less refined than present-day climate models (17, 18) . In those two cases, a strong coupling between the atmosphere, sea ice, and AMOC was absent, and duration and amplitude of the climate transition was much weaker than events reported for the Holocene (19) . Here, we report on a much larger abrupt climate transition. The event is comparable to the Little Ice Age (LIA) in amplitude, it is abrupt in its onset and termination, and is characterized by a century during which the atmospheric circulation over the North Atlantic is locked into a state with enhanced blocking. It occurred in a new generation, state-of-the-art climate model (20) and involved a strong feedback between atmospheric blocking, sea ice, and the AMOC.
Spontaneous Abrupt Change
We investigated the output from a 1,125-y preindustrial (PI) control run from the EC-Earth model. In the PI run the AMOC featured a large drift over the first 100 y, with a strong overshoot followed by a quick resumption. After 450 y, an abrupt cooling event occurred, with a clear signal in the Atlantic multidecadal oscillation (AMO). In the instrumental record, the amplitude of the AMO since the 1850s is about 0.4°C, its SD 0.2°C (21) . During the event simulated here, the AMO index dropped by 0.8°C for about a century (Fig. 1A) . The associated surface air temperature (SAT) anomaly in this period was between 1 and 2°C over the UK and Scandinavia, with the 1°C contour stretching from Brittany to Saint Petersburg (Fig. 1B) . Over Greenland, the SAT anomaly typically was 2°C, strongly increasing toward the south where it reached 4°C, even 7°C over the Labrador Sea, colder than the associated sea surface temperature (SST) anomaly (Fig. S1A ), which was due to increased sea ice. This temperature anomaly was of similar amplitude to the LIA anomaly (22) , but its duration was shorter (100 y) than the events associated with the LIA (23) .
After the overshoot and adjustment in the first 200 y, the AMOC converged to 16.2 Sverdrup (Sv; 1 Sv = 10 6 m 3 s
−1
). Between years 450 and 550, the AMOC was 13.7 Sv, not spectacularly lower than its average value ( Fig. 2A) . The change in AMOC, however, exceeded 2.8σ (5σ after applying a 10-y lowpass filter). Deeper down and farther north, the overturning anomaly was larger than the change in maximum overturning. The deep overturning dropped from 9.7 to 5.7 Sv (exceeding 4σ, and 5σ after applying a 10-y low-pass filter). The AMOC shoaled ( Fig. 2B ) and was more affected north of 35°N than farther south. The cold event happened only a few hundred years after the initial conditions and the strong adjustment is shown in Figs. 1A and 2A. Crucial to the event, however, was sea ice. Sea-ice concentration (SIC) did not show a trend or adjustment phase (Fig. S2A) , so the event was not a delayed response to the initial adjustment, which was only apparent in the AMOC and North Atlantic SSTs. Those were, however, not instrumental in creating the cold event, they only modified the response once the event began.
The decrease in the AMOC led to reduced temperatures in the Labrador Sea (Fig. S1A) , an indication of less convective mixing and reduced upward heat transport in this region, as a tight relationship exists between winter mixed-layer depths and the AMOC (24); and as a consequence of reduced convection, there was longer exposure of surface waters to atmospheric cooling. The SST anomaly bears strong similarities to the cold spot in the observed and modeled pattern of global mean temperature rise, attributed to the decline of the AMOC (25) . To shut down deep convection, the density of the surface water must decrease. In the temperature range of 7-12°C, typical for the Labrador Sea, the SST anomaly in degrees Celsius has to be roughly 5 times the sea surface salinity (SSS) anomaly in practical salinity units for density compensation to occur. The SST anomaly was only about twice that of the SSS anomaly (Fig.  S1B) ; the density anomaly was therefore mostly determined by the salinity anomaly. The low salinities formed a halocline that prevented deep convection in the Labrador basin. The source of these low salinities was a surplus of melting sea ice, transported from the east of northern Greenland by ocean currents. The seaice surplus originated after the sudden onset of a coupled feedback between sea level pressure (SLP) and sea-ice anomalies.
Mechanism of Abrupt Change
Sixty years before the cold event started, 20-y-averaged SLP anomalies featured an anticyclone above the eastern subpolar gyre (Fig. 3A) . Such an anticyclone is associated with enhanced outgoing longwave radiation (less clouds) and a negative SAT anomaly developed. As a result, the sea-ice margin in the Greenland Sea started shifting southward and the SIC near the B A sea-ice margin increased. In the following 20 y, the center of the high-pressure anomaly moved in a northeasterly direction toward the sea-ice margin (Fig. 3B) . Twenty years later, and 20 y before the cold event began, the SIC anomaly displayed a curved band of anomalously high values, stretching from Iceland via Svalbard to Novaya Zemlya (Fig. 4A) . The northern side of this curved band was associated with a positive ice-production anomaly (less melt), the southern side was associated with increased melt (Fig. S2C) , indicating that sea ice was carried farther southward by ocean currents before it melted. The SIC anomaly became large enough to be able to excite a high-pressure anomaly, after which the maximum SLP anomaly almost coincided with the SIC anomaly, displaced slightly westward in accordance with theory (Fig. 3C) . This marked the onset of strong coupling between the SLP and SIC anomalies. The SLP anomaly consisted of a thermally forced cold-core high. Once sea-ice cover extended, the air above cooled, became denser, and sank. Such subsidence is associated with higher pressure. With prevailing westerlies, the SLP anomaly forms east of the forcing area (26) . During the height of the cold period the high-pressure system (Fig. 3D ) steered northerly winds (blowing over a large fetch of sea ice), advecting colder air to the southern sea-ice margin, further increasing SIC. This positive feedback enhanced both the SIC and SLP anomalies. As a result, a similarly larger SIC anomaly developed southwest of Greenland (Fig. 4B) . The regions of maximum anomalous ice production and melt did not change significantly (Fig. S2D ), but west of Greenland a zone with a weaker positive ice-production anomaly extended southward into the Labrador Sea, where in the preceding centuries sea ice melted. While SIC anomalies peaked near the sea-ice margin (Fig. 4 A and B) , sea-ice thickness anomalies formed farther north, indicating that the southward progression of the sea-ice margin was due to both increased advection of sea ice from farther northeast of Greenland and slower ice melt during southward advection. The increase of sea ice farther upstream in the Arctic occurred after the SLP anomaly along the ice margin was established. Time series of anomalous ice production and melt in the red-and blue-banded areas in Fig. S2D where the anomalies peak, combined with a time series of anomalous sea-ice production in the rest of the Arctic, show no indication of enhanced sea-ice production in the Arctic before sea-ice production anomalies developed east of Greenland (Fig. S2B) .
These SLP anomalies possess strong high-frequency variability with time series resembling white noise (Fig. S3B) , and the anticyclones we observe in decadal-to-century averages must be associated with enhanced blocking during these periods and not with continuous high-pressure anomalies. The pressure index that characterizes blocking during the cold event is on average positive and associated with southwesterly winds over the northeast Atlantic storm track. The cold event, however, was characterized by an anomalous negative index (Fig. S3A) affecting the southerly component of the winds. The variability of this pressure index is illustrated by its probability density function (Fig.  5A) , of which the maximum shifted to more negative values and that became narrower and more sharply peaked, especially during the first half of the cold event (years 450-500). The frequency of monthly mean reversals in meridional flow increased in this period, shown by the histogram of blocking frequencies associated with negative pressure indices exceeding 1σ, 1.5σ, and 2σ from the climatological mean (Fig. S3C) . Shorter-lived and weaker blockings affected the mean values of the monthly mean pressure index by increasing the occurrence of weakly positive values over more strongly positive values (Fig. 5 A and B) . A slightly different index, i.e., the anticyclone south of Svalbard, better represents the trigger of the cold event (Fig. 3C) . A histogram based on this index shows that the frequency of exceeding the 1σ threshold in the years 425-450 was indeed larger than in any other 25-y period outside the cold event (Fig. S3D) . In a similar way, an index based on the anticyclone developing above the Labrador Sea (Fig. 3D) could characterize the second half of the cold event.
The positive feedback between sea ice and blocking caused anomalies to grow east of Greenland, but growth was limited by advection of sea ice to the southwest. Increasing amounts of sea ice and freshwater from melting sea ice were advected toward the Labrador Sea and subpolar gyre. Because the West Greenland Current is broad and does not extend far north in the model, the Labrador Sea and northwest subpolar gyre are not well separated. Only 23% of the salinity anomaly in the Labrador Sea/subpolar gyre was accounted for by locally melting sea ice. The remainder was due to advection of freshwater that resulted from ice melt between 72°N and the southern tip of Greenland. In the Labrador Sea, a feedback from reduced convection and upward mixing of heat occurred, causing the SST anomaly to amplify, and causing the sea-ice cover anomaly to grow due to A B reduced basal melting. From Fig. 2A we see that the AMOC did not respond abruptly, but continued to weaken during the cold event, enhancing sea-ice cover in the Labrador Sea. Due to this process a second thermally forced high-pressure anomaly established over the Labrador Sea/northwestern subpolar gyre (Fig.  3D) , gaining in amplitude relative to the high-pressure anomaly east of Greenland. Once the high-pressure anomaly south of Greenland was fully developed, anomalous southerly winds started to prevail east of Greenland. This terminated the SIC anomaly east of Greenland and the sea-ice thickness anomalies farther north. As a result, the SST and SSS anomalies in the Labrador basin started to diminish as well. The stratification decreased and the AMOC and deep convection recovered. In the last phase of the cold event, the center of the high-pressure anomaly above the Labrador Sea weakened and first moved southeastward; thereafter a high-pressure anomaly established above the North Sea, leaving a low-pressure anomaly above the Arctic (Fig. S4 A and B) and reestablishing strong westerlies above the Nordic seas.
Uniqueness of the Abrupt Change
After imposing external perturbations sea ice (16) and AMOC (27) can undergo abrupt transitions between multiple equilibria. The changes we described above had a different origin, and the resulting cooling over Europe was similar (28) . Here, without an external freshwater perturbation, large amounts of freshwater were transported from the Arctic to the North Atlantic due to a positive feedback between SIC and SLP anomalies east of Greenland. The resulting freshwater anomaly was similar to, but larger than, the Great Salinity Anomaly observed in the late 1960s and 1970s (29) . A regime switch between different equilibrium states did not occur. It should be noted, however, that many climate models are biased with respect to the sign of the saltadvection feedback in the ocean, preventing a stable off mode of the AMOC (30) . This is also the case for the present simulation.
There is no indication that the abrupt change associated with the cold event was associated with the AMOC collapsing to the off mode. Transitions between multiple climate states feature early warning signals, which can be analyzed using statistical techniques (31, 32) . Such early warning signals were absent for all fields investigated (SSS, SST, air-sea heat exchange, and AMOC strength), apart from SLP, which showed signs of increased variance before the onset of the cold event (Fig. S5) , reflecting the increased feedback through sea ice and winds. From this analysis (Figs. S5 and S6) we infer that the cold event was not due to a switch of the AMOC to another equilibrium state. The most likely explanation for the cold event was the switching on of a quickly growing perturbation due to a suddenly arising instability in the coupled system. Transient amplification occurred when the slowly varying background climate state, in particular its sea-ice distribution, suddenly featured a large correlation with a thermally forced SLP pattern. EC-Earth possesses relatively high resolution in its atmosphere and hence is able to capture atmospheric blocking and its dependence on the background state more realistically (33) . The strong atmospheric blocking in response to the SIC anomaly appeared crucial in exciting and maintaining the cold event. This is possibly the reason why a similar event does not appear in other climate models, which A B underestimate blocking, or appears there with much weaker amplitude and duration. Fig. S7 shows the SIC before the occurrence of the high spatial correlation between sea ice and SLP. No large biases are evident that single out the model as an outlier with respect to other coupled climate models, although the model does have a cold bias over the Arctic (34) . The multicentury events observed in the Holocene, such as the LIA, differ from the cooling simulated here. This is not surprising because the PI run that we analyzed lacks historical forcing. However, a similar feedback involving interactions between sea ice and the AMOC, amplifying an initial cooling due to explosive volcanism, has been proposed as an explanation for the onset of the LIA (35) . Also, a recent analysis of a highresolution proxy record confirms that the AMOC amplified the LIA event (36) . With the present results, we cannot establish whether historical forcing would enhance the likelihood of the abrupt event described above. The main result of this study, however, is that a state-of-the-art climate model can be subject to spontaneous abrupt climate change similar to observed abrupt climate changes, without imposed perturbations. Provided that the correct background state of the coupled ocean-sea-ice system exists (37), strong positive feedbacks can occur temporarily, which amplify specific anomaly patterns. This scenario explaining the abrupt event is very different from stochastic resonance theory (38) , because it does not require a system with multiple AMOC equilibria.
Conclusions and Broader Implications
The cold event in EC-Earth crucially depended on the switching on of a strong coupling between SIC and SLP anomalies. This feedback required the ability of sea ice to quickly grow and expand the sea-ice margin. The presence of a strong, southward flowing current (East Greenland Current), and a source of sea ice upstream of the current were crucial. Therefore, it is tempting to speculate that this feedback only works in a climate that is cold enough, which would preclude the occurrence of similar abrupt cold events in present-day and future, warmer climates. The projected decline of the AMOC in warmer climates, however, affects SST and SIC patterns (29) . Together with increased freshwater forcing from mass loss from the Greenland Ice Sheet and changing precipitation patterns, it cannot be ruled out that in a future climate strong spatial correlations may occur between SIC and SLP anomalies, leading to spontaneous growth of sea ice. The lesson learned from this study is that the climate system is capable of generating large, abrupt climate excursions without externally imposed perturbations. Also, because such episodic events occur spontaneously, they may have limited predictability.
Furthermore it was shown that an atmosphere feedback associated with century-long enhanced blocking is crucial to enhance and prolong ocean-sea-ice feedbacks. The event as a whole featured different SIC-and SLP-anomaly patterns in its various stages, with feedbacks due to matching of these patterns. As a result, only coupled climate models that are capable of realistically simulating atmospheric blocking in relation to sea-ice variations feature the enhanced sensitivity to internal fluctuations that may temporarily drive the climate system to a state that is far beyond its standard range of natural variability.
